Mislocalization and aggregation of Ab and Tau combined with loss of synapses and microtubules (MTs) are hallmarks of Alzheimer disease. We exposed mature primary neurons to Ab oligomers and analysed changes in the Tau/ MT system. MT breakdown occurs in dendrites invaded by Tau (Tau missorting) and is mediated by spastin, an MT-severing enzyme. Spastin is recruited by MT polyglutamylation, induced by Tau missorting triggered translocalization of TTLL6 (Tubulin-Tyrosine-Ligase-Like-6) into dendrites. Consequences are spine loss and mitochondria and neurofilament mislocalization. Missorted Tau is not axonally derived, as shown by axonal retention of photoconvertible Dendra2-Tau, but newly synthesized. Recovery from Ab insult occurs after Ab oligomers lose their toxicity and requires the kinase MARK (Microtubule-AffinityRegulating-Kinase). In neurons derived from Tau-knockout mice, MTs and synapses are resistant to Ab toxicity because TTLL6 mislocalization and MT polyglutamylation are prevented; hence no spastin recruitment and no MT breakdown occur, enabling faster recovery. Reintroduction of Tau re-establishes Ab-induced toxicity in TauKO 
Introduction
Alzheimer disease (AD) is characterized by two types of abnormal protein aggregates in the brain, 'amyloid plaques' made up of Ab peptides, and 'neurofibrillary tangles' assembled from Tau protein Mucke and Selkoe, 2012) . In familial AD, genetic evidence points to a master role of Ab aggregation, leading to downstream events including Tau hyperphosphorylation and aggregation (Haass and Selkoe, 2007; Karran et al, 2011) . On the other hand, the distribution of Tau aggregates in the brain correlates better with the clinical progression of AD (Braak stages; Braak and Braak, 1991) , and experiments with transgenic mice suggest a critical role for Tau in mediating Ab-induced toxicity.
A key to understand the normal and toxic roles of Tau lies in the neuronal cytoskeleton, notably microtubules (MTs), the tracks of intracellular transport, and their interaction partners. Tau changes during development include (i) a shift from shorter fetal to longer adult isoforms, (ii) decreased phosphorylation (from a higher fetal to a lower adult level), and (iii) changed intracellular distribution (from ubiquitous to axonal) (Mandell and Banker, 1995; Bullmann et al, 2009) . Notably, the early cytoskeletal changes in AD, such as lower MT stability, hyperphosphorylation, and missorting of Tau to the somatodendritic compartment, are reminiscent of the fetal state. In TauKO mice, the lack of Tau during development can be compensated by upregulation of other neuronal microtubule associated proteins (MAPs), for example, MAP1A (Harada et al, 1994) , which may explain the mild phenotype. Depending on experimental conditions, the absence of Tau may have detrimental effects (inefficient axon outgrowth and neurodegeneration; Dawson et al, 2001; Dawson et al, 2010) , or beneficial ones (reduction in Ab and excitotoxicity; King et al, 2006; Roberson et al, 2007; Ittner et al, 2010) . In neuronal cell culture, excess Tau leads to inhibition of axonal transport (Stamer et al, 2002) , and aggregation of mutant Tau in mouse models causes Alzheimer-like degeneration (Sydow et al, 2011) .
Neurons must possess mechanisms to modulate MT stability. This includes 'dynamic instability' of MTs, which is controlled by regulatory proteins. Some of these, for example MAPs, can stabilize MTs depending on their phosphorylation; kinases such as MARK (Microtubule-Affinity-RegulatingKinase) can phosphorylate Tau and other MAPs, detaching them from MTs, thereby rendering MTs more dynamic (Matenia and Mandelkow, 2009 ). Other enzymes can sever MTs, induce their endwise disassembly, or control the supply of tubulin subunits Conde and Caceres, 2009; Hoogenraad and Bradke, 2009 ). These are active processes requiring energy (ATP) and depend on spatial and temporal cues, for example by post-translational modifications of the MT surface (Janke and Kneussel, 2010 ).
In the current study, we set out to determine a mechanistic link between Ab exposure, Tau missorting, and MT breakdown. We show that Ab causes Tau missorting and consequent Tubulin-Tyrosine-Ligase-Like-6 (TTLL6) mislocalization. TTLL6 induces polyglutamylation of MTs, which then allows recruitment and severing by spastin. The result is
Results

Time slicing of cytoskeletal changes induced by AbOs
AbOs are capable of inducing Tau missorting in primary neurons, which is accompanied by Ca þ þ elevation, loss of MTs, loss of spines, and phosphorylation of Tau at the KXGS motifs in the repeat domain (Zempel et al, 2010) . Here, we employed a more potent preparation of AbOs that reflects the composition of Ab in Alzheimer brain (70% Ab 40 and 30% Ab 42 ; Kuperstein et al, 2010, see Supplementary Results and Supplementary Figures S1 and S2) . The preparation was composed of tri-and tetramers when analysed by SDS-PAGE, was positive for an oligomer-specific antibody (A11 antibody by C Glabe: recognizes oligomers in a dot blot setting), and revealed aggregates of 5-25 nm size but no fibrils by negative stain electron microscopy (Supplementary Figure S1a-e). We evaluated effects of AbOs by quantifying the level of changes in the dendritic compartments (preselected by MAP2), the areas affected by Tau missorting. When challenging neurons with 1 mM AbOs, Tau missorting into the somatodendritic compartment becomes apparent, but only for a limited time (1-12 h), with a maximum around 3-6 h, and then gradually reverts to background levels after 24 h (Figure 1A , arrows; Figure 1F ), despite the continued presence of Ab (as AbOs loses their toxicity over time, see below).
To clarify the time course of events leading to the phosphorylation of missorted Tau, we tested the activity of MARK using an antibody against its phosphorylated T-loop (pT208), since MARK is the most important regulator for Tau affinity to MTs via phosphorylation of Tau at the KXGS motifs (Matenia and Mandelkow, 2009) . Following exposure to AbOs, we found increased activation of MARK in the somatodendritic compartment, lagging behind the missorting of Tau ( Figure 1F ), but there was no activation of MARK in the axonal compartment ( Figure 1B ; Supplementary Figure S3 ). Likewise, the increase in MARK-induced phosphorylation of Tau at KXGS motifs (S262/S356, detected by antibody 12E8) occurred with a similar time course, lagging behind total missorted Tau ( Figure 1F ). Thus, the delayed and locally restricted activation of MARK suggests that MARK activation and Tau phosphorylation are not the primary cause of Tau missorting.
We next tested whether we could induce Tau missorting independently of kinase activation. Very brief exposure to the MT destabilizer nocodazole (10 mM) or elevated concentrations of Ca þ þ in the medium (5 mM) resulted in fast missorting of Tau (i.e., starting at 15 min, 4 Â faster than with AbOs) (Supplementary Figure S4a) . Such rapid missorting of Tau was not accompanied by phosphorylation in the repeat domain, which did not appear even at later time points (Supplementary Figure S4a) . Thus, Tau missorting can occur without activation of MARK and without phosphorylation in Tau's repeat domain. We then tried to dissect the temporal sequence of these events. Several studies have shown that exposure to Ab initially causes rapid changes (within minutes) in neuronal signalling, visible in terms of electrical activity and Ca þ þ oscillations (Snyder et al, 2005; Rui et al, 2006) . Superimposed on this we observed a gradual rise in intracellular Ca þ þ from basal levels (B0.2 mM) by about 50-100%, peaking B1 h after exposure to Ab ( Figure 1D ) and visible up to 6 h. This rise in Ca þ þ was accompanied by a decrease in MTs (B40%) in dendrites, but not axons, and reduction in dendritic spines (B40%). These changes reverted by 12 h and remained steady up to 24 h ( Figure 1C-F) . The rise in Ca þ þ and decrease in MTs and spines occurred roughly in parallel with the increase in missorted Tau; however, Tau phosphorylation and MARK activation were delayed by B1 h. This suggests that loss of dendritic MTs and spines occurs by a mechanism not directly caused by phosphorylation of Tau in the repeat domain. Dendritic Tau also returned to its basal level, but much more slowly (up to 24 h).
from the extracellular medium. Chelation of extracellular Ca þ þ by EGTA (0.5 mM), and of intracellular Ca þ þ by BAPTA-AM (10 mM) prevented Tau missorting and loss of MTs, but also caused toxic side effects such as severe spine loss, likely due to impaired Ca þ þ homeostasis (Higley and Sabatini, 2008) . Increase in intracellular Ca þ þ was completely and rapidly (o3 min) reversible even when Ca þ þ was chelated after incubation with Ab (20 min and 1 h after AbO exposure, before Ca þ þ started to decrease, see above). This indicates that extracellular Ca þ þ is necessary for the rise and the maintenance of elevated Ca þ þ in response to AbOs. Two further changes are indicative of Ab-induced MT loss: clustering of mitochondria in the cell body was observed from 1 to 6 h ( Figure 1D , see also below), suggesting impaired MT-dependent transport (Stamer et al, 2002) . Neurofilaments (which are normally transported into axons) accumulated in the soma upon Ab exposure and then invaded dendrites (peak time after 3-6 h; Supplementary Figure S4b ). Similarly to Tau, the missorting of neurofilaments started to reverse as soon as MT loss is reversed (i.e., after 6 h).
(Supplementary Figure S6a and b; Supplementary Results) . However, spastin was noticeably recruited to MTs after AbO exposure ( Figure 2C ), suggesting that spastin is responsible for MT loss.
To verify this, we reduced the expression of spastin via shRNA (Riano et al, 2009) . Knockdown of spastin abolished Ab-induced MT loss, and likewise prevented Tau missorting ( Figure 2D ; Supplementary Figure S7a- 
c). Scrambled control
Ab causes microtubule severing by spastin via Tau H Zempel et al shRNA or the empty vector had no effect. Spastin is known to be recruited by polyglutamylation, a post-translational modification of MTs (Lacroix et al, 2010) . Indeed, we observed a pronounced increase in polyglutamylated MTs (B2-fold) in response to AbOs, consistent with the attachment of spastin to MTs and MT severing ( Figure 2B-D) .
Polyglutamylation is induced by the TTLL family of tyrosine ligases, TTLL6 being the main enzyme responsible for polyglutamylation that leads to MT severing (Lacroix et al, 2010) . We found that this protein is recruited to MTs and colocalizes with sites of increased polyglutamylation in dendrites suffering from strong Tau missorting after AbO exposure ( Figure 3A and B) . Conversely, transfection of TTLL6 leads to strong polyglutamylation of MTs, heavy spastin recruitment, breakdown of MTs, and Tau missorting ( Figure 3C ) even in the absence of AbOs. All of these features suggest that the loss of MTs after AbO exposure is caused by polyglutamylation of MTs by TTLL6, followed by recruitment of spastin and then severing.
Missorted Tau in dendrites is not derived from axons but is newly synthesized
The mechanisms of Tau's axonal sorting are still only partly understood, but important for understanding AD because somatodendritic missorting is an early indicator of neurodegeneration (Braak et al, 1994) . Axonal retention of Tau is achieved in part by a diffusion barrier located at the axon initial segment (AIS) . We asked whether this barrier remains intact or breaks down after exposure to AbOs. The detection system makes use of the photoconversion of Dendra2-tagged hTau40 (Tau D2 ) transfected into mature neurons. This reveals that axonal Tau does not re-enter the somatodendritic compartment under control conditions ( Figure 4A1 ). The barrier can be broken down by disassembly of axonal MTs (e.g., by nocodazole; Figure 4A3 ). By contrast, exposure of neurons to AbOs did not enable axonal Tau D2 to propagate back into the soma since the barrier remained intact ( Figure 4A and B). The expression of Tau D2 did not interfere with the targeting of Ab to dendritic spines ( Figure 4C ). This argues that Tau missorted into the somatodendritic compartment is not derived from translocated axonal Tau.
To clarify this issue, protein synthesis was inhibited with cycloheximide ( Figure 4D ). This treatment suppressed missorting of endogeneous Tau by AbOs. Since cycloheximide might affect other processes important for maintenance of Tau polarity, we used shRNA against Tau as a further control. As soon as expression (via co-transfection of GFP-derivative tdTomato) was detectable (17 h post transfection), cells were challenged with AbOs. While co-transfected tdTomato alone did not prevent missorting, shRNA against Tau prevented AbO-induced missorting of Tau (Supplementary Figure S7d) . Thus, the inhibition of both global protein translation and specific early Tau protein translation confirms the conclusion that missorted Tau originates from Tau newly synthesized in the cell body.
Neurons and spines recover from Ab-induced toxic effects A remarkable feature of the Ab-induced cell insults is their recovery: most effects are visible for only a few hours and return to their initial values after 12-24 h in our conditions. Several explanations are conceivable: cells could become resistant, or Ab might lose its toxicity, due to chemical modification, degradation, or structural changes. Two consecutive hits with AbOs spaced several hours apart exacerbated spine loss but reduced Tau missorting ( Figure 5A ). Twenty-four hours after a single treatment with AbOs, spine numbers recovered to control levels, but after multiple hits (2-3) there was no recovery, indicating that cells did not become resistant to newly added AbO.
To test whether and how AbOs lose their toxicity, we incubated AbO (1 mM) for 3 h with or without cells. Both of these preincubated AbOs lost their toxicity to primary neurons, arguing that AbOs changed their properties with time independently of cells. In support of this, dynamic light scattering of AbOs diluted in PBS to 1 mM showed that within 3 h they transformed into larger and less toxic aggregates ( Figure 5B and C), despite the fact that the process of aggregation can confer toxicity (Supplementary Figure S8 , see also Wogulis et al, 2005; Kuperstein et al, 2010) . We conclude that recovery of neurons takes place because the AbO preparation loses its toxicity, not because cells become less sensitive.
Of note, missorting of Tau is most pronounced after AbOs lose their toxicity, that is, after 3-6 h. When challenged repetitively at low intervals (3-6 h), missorting was not increased, but decreased. Furthermore, higher and more toxic concentrations of AbOs induced more severe spine loss, but less missorting (data not shown). This indicates that neurons must still be 'viable' in order to generate Tau missorting, which likely depends on protein synthesis (see above), and is in line with previous results with other cell stressors that induced Tau missorting only when applied under relatively mild conditions (Zempel et al, 2010) .
Ab causes microtubule severing by spastin via Tau H Zempel et al MARK re-establishes Tau polarity and restores spines during recovery from Ab-induced toxicity Kinases of the MARK/Par-1 family, in combination with other polarity genes, are known to be important for establishing cell polarity (Matenia and Mandelkow, 2009) . MARK is activated in dynamic cell processes such as growth cones and dendritic spines (Hayashi et al, 2011; Timm et al, 2011) , renders MT dynamic, and stabilizes the actin cytoskeleton (Matenia et al, 2005) . MARK can phosphorylate Tau and detach it from MTs. Analysis of time courses after Ab exposure ( Figure 1F ) revealed that Ca þ þ increase, MT decay, and spine loss are rapid (peaking within 1 h), total Tau missorting lags behind (peaking after 3 h), but activation of MARK takes place with a clear delay (peak at 6 h).
To test the role of MARK, we transfected wt-MARK2 by adenovirus 3 days prior to treatment with AbOs. Transfected MARK2 was sorted into the somatodendritic compartment and highly enriched in spines, where it colocalized with F-actin. Unexpectedly, the hallmarks of Ab-induced toxicity disappeared, that is, spines remained stable, MTs did not decay, and there was no missorting of Tau into dendrites ( Figure 5E1 and E2). Conversely, after treating cultures with the MARK-specific inhibitor compound 39 621 (Timm et al, 2011) , we observed pronounced spine loss, with and without AbO exposure ( Figure 5D ), but no Tau missorting (Supplementary Figure S9) . Furthermore, when applying the MT-stabilizer taxol (which prevents spine loss after Ab insult, Figure 5D , and Tau missorting), we found upregulation of MARK activity and increased MARK-type Tau phosphorylation at the KXGS motifs, without changing total MARK levels ( Figure 5F -H). Conversely, the MT-destabilizer nocodazole decreased MARK-type phosphorylation of Tau as well as MARK activity ( Figure 5F and H).
Tau knockout neurons are resistant to AbO toxicity
There is an ongoing debate on the importance of Tau for neurons. Knockout of Tau in mice was reported to have only minor effects (Harada et al, 1994) , to be detrimental (Dawson et al, 2010; Lei et al, 2012) , or beneficial (Roberson et al, 2007; Ittner et al, 2010) . We investigated how Tau deficiency in neurons from transgenic TauKO mice might change the response to AbOs. In TauKO neurons, the pathological changes were strongly reduced or absent, even though AbO was still targeted to dendrites and induced moderate spine loss ( À 15%, half of the effect in wild-type cells) ( Figure 6A and B). In particular, in TauKO neurons, AbOs (1 mM) did not induce NF missorting, MT loss ( Figure 6A -C), TTLL6 translocation into dendrites, polyglutamylation of MTs, and loss of acetylation of MTs, and spastin recruitment ( Figure 7A -C and F, and see below). The Ab-induced rise in steady-state Ca þ þ and MAP2 was lower in TauKO neurons (B20 and 50% of wild-type neurons, respectively; Figure 6A and B). Spastin was not recruited in TauKO neurons ( Figure 7B ).
TauKO neurons were also more resistant against other external challenges, such as elevated Ca þ þ (5 mM) or glutamate (10 mM) in the medium. In wild-type neurons, these concentrations would suffice to cause severe reduction in MTs, but in TauKO neurons they had no effect on dendritic MTs ( Figure 6C ), consistent with the reduced polyglutamylation in response to these stressors. Thus, MTs of TauKO neurons are better protected against depolymerization mediated by Ab and other stressors that lead to an increase in intracellular Ca þ þ .
Since mitochondria travel along MTs, any loss of MTs would be expected to reduce the trafficking of mitochondria. Indeed, after exposure of wild-type neurons to AbOs, mitochondria were decreased in dendrites and clustered in cell bodies, while in TauKO neurons, mitochondria were evenly distributed and thus able to maintain spines and Ca þ þ buffering ( Figure 6D ). The localization of mitochondria to dendrites should result in faster recovery in TauKO neurons. Accordingly, synaptic activity (as measured by spontaneous Ca þ þ oscillations) was inhibited after AbO exposure in both wild-type and TauKO neurons, and fully recovered only in TauKO neurons, but not in wild-type cells (1 mM, 24 h; Supplementary Figure S10 ). This indicates that despite some recovery at the level of spines even in wild-type neurons (see above), rescue is either faster or more pronounced in TauKO cells.
Introduction of Tau re-sensitizes TauKO neurons to Ab-induced spine loss and MT decay
We finally asked whether the introduction of Tau into hippocampal TauKO cells can re-sensitize them to AbO toxicity again. This was in fact observed: adenoviral transfection (for 3-4 days) of wild-type human Tau (hTau40) into TauKO neurons re-established Ab-mediated Tau toxicity. Expression of Tau was sufficient to allow migration of TTLL6 from cell bodies into dendrites ( Figure 7D ). Exposure to Ab caused spine loss similarly to wild-type cells. Accordingly, we also found pronounced polyglutamylation of MTs and spastin recruitment, resulting in MT severing, mislocalization of mitochondria and also observed elevated Ca þ þ ( Figure 7E ).
We then asked whether Tau missorting could also change TTLL6 localization in an in vivo model. In wild-type mice expressing only endogeneous mouse Tau, TTLL6 was concentrated in the soma and MTs were normally acetylated ( Figure 7G1 , left panels). In transgenic mice overexpressing a mutant form of hTau40 (Van der Jeugd et al, 2012), TTLL6 was translocated into the dendrites, and acetylation of MTs Figure 2 Ab exposure leads to rapid loss of acetylated, but not tyrosinated MTs, induces MT polyglutamylation and spastin recruitment in dendrites. Primary rat hippocampal neurons (16-21DIV) were treated with 1 mM Ab as indicated, MAP2 staining was used as a marker for somatodendritic compartment. (A) In control cells, dendrites display high levels of tyrosinated and acetylated MTs, and low levels of polyglutamylated MTs. After short treatments (1 and 3 h), there is almost no change in tyrosinated MTs (upper panels), but a fast drop in acetylated MTs (middle panels). Polyglutamylation of MTs increases already after 1 h. Changes in all MT modifications are not observable anymore after 6 h of treatment (right panels). (B) Quantification of (A); changes revert to baseline after 6-12 h of treatment. was reduced, indicating less stable MTs ( Figure 7G1 , right panels and Figure 7G2 for quantification).
Next, we tested whether Tau and TTLL6 could be coimmunoprecipitated. TTLL6 could precipitate full-length hTau40 and the N-terminal half of Tau (construct K25, containing the proline-rich domain without the inserts; Gustke et al, 1994), but not the C-terminal half (construct K10; Figure 7H ). Thus, the Tau-TTLL6 interaction is localized in the N-terminal half, and independent of the number of inserts, the repeat domain, and the C-terminal tail. Of note, transfection of wt-Tau, KXGE-Tau or KXGA-Tau all resulted in translocation of TTLL6 from the soma to the dendrites, Ab causes microtubule severing by spastin via Tau H Zempel et al independently of exposure to Ab (e.g., Figure 7D ). Hence, Tau missorting mediates TTLL6 mislocalization independently of phosphorylation in the repeat domain.
To clarify the role of Tau phosphorylation for Ab toxicity, we transfected wild-type Tau in different phospho-variants, either pseudophosphorylated at the four KXGS motifs (KXGE-Tau) or KXGA-Tau (non-phosphorylatable). KXGETau has only a weak affinity for MTs and diffuses rapidly, while KXGA-Tau binds tightly to MTs and diffuses slowly (Konzack et al, 2007) . We observed that transfected KXGATau moved into dendrites and spines, but did not re-sensitize TauKO cells to AbO (Figure 8 ). As in wild-type cells, AbOs were still targeted to the spines of transfected dendrites, but there was only moderate elevation of Ca þ þ , similar to untransfected TauKO neurons (B20%, see above and Supplementary Figure S11 ). There was also no additional loss of spines, TTLL6 moved into dendrites but MTs did not become polyglutamylated, spastin was not recruited, and
MTs remained stable (Figure 8A and B; Supplementary Figure S11b-d) .
In contrast to KXGA-Tau, KXGE-Tau (like wild type-Tau) did re-sensitize TauKO cells to AbO that induced pronounced spine loss, along with polyglutamylation of MTs, spastin recruitment, and MT decay (Figure 8A and B; Supplementary Figure S11 ). In fact, KXGE-Tau proved to be particularly detrimental to cells even without AbO treatment: mitochondria were clustered in cell bodies, and spine number and F-actin content in spines were reduced up to a complete loss of F-actin ( Figure 8C ). KXGE-Tau showed a pronounced localization to F-actin containing structures, notably in spines ( Figure 8C1 and C2) , whereas localization of wt-Tau to spines was negligible and KXGA-Tau moved into spines but had no apparent effect ( Figure 8C3 ). This suggests that Tau phosphorylated in the repeat domain, at KXGS motifs, interacts with (not necessarily directly by binding) and impairs the actin cytoskeleton. 
Discussion
Cascade of Ab-induced events leading to Tau missorting and MT loss
In the present study, we focussed on the link between AbO and the neuronal cytoskeleton, notably the phosphorylation/ missorting of Tau and breakdown of MTs because these features are early hallmarks of AD (Braak and Braak, 1991; Spires-Jones et al, 2009) . As an experimental approach, we chose mature hippocampal neurons in three forms: (i) wildtype, (ii) from TauKO mice, or (iii) from TauKO mice after reintroduction of Tau or Tau phospho-mutants. We observed the AbO-induced response of Tau and of related cytoskeletal structures, notably MTs and affiliated proteins.
The neuronal responses to AbOs can be divided into four stages ( Figures 1F1, F2 and 2B; Supplementary Figure S4b) : rapid (maximum at B1 h), medium (B3 h), slow (6 h), and very slow (412 h).
The rapid responses include the rise in intracellular Ca þ þ , loss of spines, and loss of MTs. The Ca þ þ response is actually slow compared to instantaneous effects of glutamate (Supplementary Figure S10) , but in the case of AbO exposure it starts within minutes (Rui et al, 2006; Zempel and Mandelkow, 2012) . This precedes MT breakdown (peaking at B1 h) and spine loss (B1 h). MT breakdown has the potential to destroy spines in at least two ways: MT-dependent traffic would slow down, for example, that of mitochondria , and excursions of MTs into spines for delivery of regulatory proteins would cease (Jaworski et al, 2009 alone is sufficient to cause spine decay, independently of MT breakdown (see below). Thus, Ca þ þ could exert spine damage by more than one mechanism, either via MTs or other pathways, for example, activation of calpain, induction of ROS, or local caspase-3-dependent spine apoptosis (Klein, 2006; Bano and Nicotera, 2007) . Given that both Tau missorting and MT loss are downstream of Ab-induced Ca þ þ elevation, the question arises how these two features are related. In principle, Tau can stabilize MTs and is therefore not likely to cause MT decay. On the other hand, cellular MTs are highly sensitive to Ca through NMDA receptors is sufficient to trigger effectors, for example, calcineurin (Shankar et al, 2007) , but does not reach the levels required for direct MT breakdown (Schliwa et al, 1981) . A medium response time to AbOs and Ca þ þ is observed for the buildup of missorted Tau in dendrites. Total Tau becomes already prominent concomitant with MT breakdown (1 h) but continues to rise up to 3 h. An interpretation is that breakdown of MTs allows diffusion of Tau between cell compartments, not restricted by attachment to MTs (Konzack et al, 2007; Li et al, 2011) . By contrast, phospho-Tau (antibody 12E8) follows with some delay (peak at B5-6 h), roughly parallel to the activation of MARK (see below).
The rapid disappearance of MTs in dendrites is one of the unexpected enigmas among the Ab-induced responses (King et al, 2006 Figure 6C5 ). (iii) Active cleavage by MT-severing proteins: this is compatible with the observations. In fact, spastin had a clear response in AbO-treated cells, and knockdown of spastin by shRNA prevented MT disruption after AbO exposure (Figure 2 ). This is consistent with spastin's widespread distribution in neurons and its role in branch formation (Riano et al, 2009; Ye et al, 2011) . Given the potency of severing enzymes in remodelling the cytoskeleton, their activity must be kept under tight control.
For spastin, this is achieved by local post-translational modifications of MTs, notably polyglutamylation of near-Cterminal Glu residues which serves as a signal for spastin recruitment. The modification is in turn achieved by enzymes of the TTLL family, in particular TTLL6 in neurons (Janke and Kneussel, 2010; Lacroix et al, 2010) . Indeed, while TTLL6 is normally mainly in cell bodies, it moves into affected dendrites after AbO exposure or after Tau overexpression (Figures 3 and 7) . It is also conceivable that Tau forms a ternary complex with tubulin and spastin, but as the affinity of Tau to tubulin dimers compared to MTs is low, and TTLL6 activity triggers MT breakdown, a ternary complex seems unlikely.
It should be noted that katanin can also be activated by polyglutamylation of MTs (Lacroix et al, 2010) . However, katanin is downregulated during maturation and is present mainly in neuritic tips of developing processes (Yu et al, 2005) , is inactivated by Ca þ þ (Iwaya et al, 2012) , and Tau has been shown to block MT-severing mediated by katanin, but not spastin (Qiang et al, 2006; Sudo and Baas, 2010) . Because of low levels of katanin in dendritic shafts and adult neurons, and the presence of both elevated Ca þ þ and Tau in Tau-missorted neurons, katanin is unlikely to play a major role in our paradigm. Indeed, there was no change in distribution or levels of katanin-p80 or katanin-p60, and silencing of katanin did not prevent Tau missorting or MT loss (Supplementary Figure S5) . From these observations, a chain of events from Ab to MT breakdown can be proposed ( Figure 8D ):
AbOs on spines-rise of Ca þ þ /loss of spines-dendritic missorting of Tau-transport of TTLL6 into dendritespolyGlu modification of MTs-spastin recruitment-severing of MTs.
by phosphorylation and later aggregation in cell bodies and dendrites. The basis for axonal Tau sorting in mature neurons is still not well understood, and several protein-based or mRNA-based mechanisms may work in parallel (Kanai and Hirokawa, 1995; Aronov et al, 2001; Nakata et al, 2011) , including a retrograde barrier for Tau at the AIS . Probing the barrier after AbO exposure showed that it remained tight. This agrees well with the fact that axonal Tau is in a low state of phosphorylation in mature axons, and the level of axonal MARK2 is low as well. Also, we did not observe axonal MT loss, polyglutamylation, or spastin recruitment, indicating that axonal Tau would remain bound to MTs and retained in the axon. In fact, basal polyglutamylation is higher in axons than in dendrites Ab causes microtubule severing by spastin via Tau H Zempel et al (Janke and Kneussel, 2010) , possibly aiding Tau retention (Tau has a net positive charge, while polyglutamylation is negatively charged). Thus, axonal Tau is not likely to contribute to the buildup of dendritically missorted Tau. The alternative explanation is that part of the newly synthesized Tau in the cell body is no longer routed into the axon, but becomes free to enter the dendrites. This is indeed the case, since blockage of both global and Tau protein synthesis strongly reduces dendritic missorting of Tau after AbO exposure.
Reversibility of Ab toxicity
A remarkable feature of the slow and very slow response to AbOs is the gradual return of the abnormal changes to nearbaseline levels, beginning at B6 h (Figures 1F and 2B ; Supplementary Figure S4b) . The onset of recovery coincides roughly with the structural rearrangements in the AbOs towards larger species where the toxic potential is lost ( Figure 5 ; Kuperstein et al, 2010; Bieschke et al, 2012) . This emphasizes that Ab-induced cell damage can be repaired once the toxic stimulus disappears; once recovered, cells remained healthy. The recovery process is accompanied by a transient rise in active MARK that peaks at 6 h ( Figure 1F ). This kinase is important because its phosphorylation sites on Tau appear very early in AD and in mouse models. Other sites of Tau are also phosphorylated in response to Ab (Zempel et al, 2010) , but MARK disrupts Tau-MT interactions and is enriched in neurons (Drewes et al, 1997; Augustinack et al, 2002; Thies and Mandelkow, 2007) . In differentiating neurons, it is active in growth cones (Timm et al, 2011) , but later in dendrites, particularly spines (Hayashi et al, 2011) . The activation of MARK appears to be part of the recovery, consistent with the observation that transfection of neurons with MARK2 makes them resistant against the AbO challenge (i.e., no loss of spines or MTs, no missorting of Tau). The transfected MARK2 localizes mainly to spines and evidently bolsters their defense against AbOs ( Figure 5 ). This could be due to the ability of MARK to stabilize F-actin (Matenia et al, 2005) and maintain mature spines by enabling transient MT invasion (Hayashi et al, 2011) . Of note, the MT-stabilizer taxol prevents spastin induced breakdown of MTs (Salinas et al, 2005) , and prevents MT loss and Tau missorting after Ab exposure (Zempel et al, 2010) . Taxol also prevented loss of spines and activates MARK over a broad range of concentrations, while the MTdestabilizer nocodazole inactivates MARK ( Figure 5F-H) ; thus, stable MTs induce MARK activity. MARK activity in turn is essential for spine protection and maintenance, but not for Tau polarity: specific inhibition did not induce Tau missorting within the timeframe investigated here (Supplementary Figure S9) . Overall, the net result of taxol treatment is that MTs are not disrupted, Tau is not missorted, MARK is activated, and spine loss is reduced ( Figure 5 ).
Absence of Tau protects against AbO by preventing spastin-mediated MT severing
Ab-based models with varying levels of Tau provided evidence for Tau as a mediator of Ab toxicity (Rapoport et al, 2002; Roberson et al, 2007; Ittner et al, 2010) , but also as a protective agent in aged animals (Dawson et al, 2010; Lei et al, 2012) . This prompted us to study the Ab-Tau cascade in neurons from TauKO mice (Dawson et al, 2001 ). The major outcome was that TauKO neurons showed dramatically reduced levels of toxicity: AbOs still bound to spines, but there was little loss of spines, weak Ca þ þ elevation, TTLL6 was not recruited to MTs, no polyglutamylation of MTs, no spastin recruitment, no MT breakdown, no impairment of mitochondria distribution, and no missorting of neurofilaments. Thus, Tau is responsible for the toxic consequences of AbOs. Several scenarios are conceivable:
(i) A minor fraction of Tau, not visible by our methods, might be present in the spines of wild-type cells and could facilitate Ca þ þ influx after following AbO exposure, leading to loss of spines and MTs. This would be consistent with the proposal that AbO interacts with NMDAR or other receptors (Klein, 2006; Shankar et al, 2007; Lauren et al, 2009) , and with the idea that a small fraction of Tau might facilitate dendritic localization of signalling molecules such as fyn (Ittner et al, 2010) . (ii) Although missorted Tau peaks only in stage 2 after B3 h ( Figure 1F1 ), the initial half invades dendrites rapidly in stage 1 after AbO exposure, coincident with loss of MTs and spines. This fraction of Tau can invade spines, could disrupt their functions, and perhaps facilitate accumulation of TTLL6 and spastin recruitment. It is known that Tau can bind to F-actin networks, membrane-associated proteins (e.g., annexins), various proteins with SH3 domains, chaperones (e.g., Hsc70), and other proteins whose functions might be perturbed (Sarkar et al, 2008; Whiteman et al, 2009 ) and thus cause the toxicity of AbO. (iii) Activation of synaptic receptors by AbOs causes rapid changes in electrical activity (Snyder et al, 2005; Kuperstein et al, 2010) . This could affect the neuronal cell culture as a whole with far reaching consequences, including Tau-dependent network activities (Palop and Mucke, 2009 ).
To confirm Tau's role in Ab toxicity, the largest isoform was re-introduced into TauKO neurons. This indeed re-establishes all aspects of AbO toxicity, that is, Ca þ þ rise, loss of spines, polyglutamylation, severing of MTs by spastin, and impaired distribution of mitochondria. The Tau-KXGE mutant, designed for (pseudo-) phosphorylation and low MT affinity, is also toxic, even more than wild-type Tau. By contrast, the Tau-KXGA mutant, which retains a high affinity for MTs, does not re-introduce toxicity (Figure 8 ; Supplementary Figure S11) . In all cases, translocation of TTLL6 into dendrites is enhanced, in line with interaction of TTLL6 with the N-terminal half of Tau, which is unaffected in these pseudophosphorylation mutants of Tau ( Figure 7H ). But polyglutamylation, spastin recruitment, and MT decay take place only in the case of wild-type Tau and KXGE-Tau. Thus, the repeat domain of Tau must be phosphorylatable for re-sensitizing neurons to AbO toxicity. Since phosphorylation at KXGS motifs detaches Tau from MTs (Drewes et al, 1997) , this suggests a non-MT function of Tau that could become toxic. Several interactions become prominent when Tau loses its MT affinity, either by phosphorylation (as in the present case), or by truncation and other modifications . Regarding spine function and stability, three types of non-MT interactions are notable:
(i) Tau phosphorylated at KXGS sites can become missorted and enter spines, cause their decay, could bind to and disrupt the actin cytoskeleton ( Figure 8C ) (Fulga et al, 2007; Sharma et al, 2007; Thies and Mandelkow, 2007; Hoover et al, 2010; Morris et al, 2011) . Actin can then leave spines and co-aggregate in the dendritic shafts with p-Tau and cofilin as 'actin rods' (Bamburg and Bloom, 2009; Whiteman et al, 2009 ). (ii) The proline-rich domain of Tau contains PXXP motifs able to bind SH3-domain proteins, including several signalling kinases (e.g., fyn, lck, src, PI3K; Williamson et al, 2008) , and it has been proposed that Tau can cause misregulation of NMDA receptors via fyn (Ittner et al, 2010) . (iii) Tau can interact with nucleic acids. This may play a physiological role (e.g., protection against stress; Sultan et al, 2011) , but missorted Tau could also interfere with local mRNA translation at spines. In the context of AD, it is notable that the Tau-RNA interaction can trigger pathological aggregation (Kampers et al, 1996) .
Remarkable features in our observations are the two seemingly antagonistic roles of MARK: active MARK in spines protects against AbO insults and promotes recovery, whereas phosphorylation of Tau by MARK makes Tau toxic and causes spine decay. The resolution of this discrepancy probably lies in the distinct spatio-temporal activation of MARK versus Tau, that is, MARK is active in healthy spines where Tau is absent, while Tau-induced toxicity arises only after it becomes missorted and phosphorylated.
Acute treatment with AbO of primary neurons, despite the high maturation state used in this study, is very different to the extremely slow disease progression in AD, which takes place over decades. Still, Ab levels are fluctuating depending on brain region, activity, and stress (Kang et al, 2009; Wei et al, 2010; Bero et al, 2011) . Thus, constant fluctuation requires a dynamic adaptation or reversibility, which we describe here. As TTLL6 mislocalization, polyglutamylation, and spastin recruitment are Tau dependent, Ab depositing mice likely will not show this phenotype, because Tau pathology is minor in mice that are not transgenic for Tau. In Tau tg mice, mislocalization of TTLL6 and reduced dendritic MT stability could be readily observed (Figure 7G1 and G2) . This is in line with experiments demonstrating decreased MT stability and cognitive deficits in Tau tg mice, both of which can be prevented by taxol (Ishihara et al, 1999) .
With regard to therapeutic approaches, our results suggest that Ab-induced toxicity can be intercepted at several levels: lowering the tonic increase in dendritic Ca þ þ , prevention of Tau missorting and/or reducing its phosphorylation in the repeat domain, stabilization of dendritic MTs (by drugs (not proteins) that stabilize MTs such as taxotere, prevention of polyglutamylation and/or local inactivation of spastin). Indeed, epothilone D (an analogue of taxotere) has already been shown to be beneficial in Tau transgenic mice (Zhang et al, 2012) . Mild loss-of-function mutations of spastin also should prevent MT defects and possibly cognitive decline in Tauopathies, but this correlation has not been explored. Future experiments will show which of these pathways is most relevant for MT stability and which is most promising for therapeutic approaches.
Materials and methods
Microscopy
Light and electron microscopy set-ups, live-imaging conditions, photoconversion, and quantification procedures were described previously (Zempel et al, 2010; Li et al, 2011) . Additionally, a MetaMorph-based Leica DMI6000B equipped with incubator, heating and CO 2 incubator (all Leica provided (Pecon)) was used. For spontaneous Ca þ þ oscillations, primary neurons were plated at high density, aged for B20DIV, labelled with Fluo4 or Fura2 (Invitrogen), and time-lapse movies were recorded of at least three different fields for 2 min each. MARK-activity reporter was Western blot analysis of primary neurons shows an increase in polyglutamylation of microtubules, and a decrease in acetylation of microtubules only in wild-type neurons after 1 h of Ab treatment, but no change after 3 h and no change in TauKO neurons, and no change in spastin or tubulin levels. The same membranes were used for polyglutamylation and acetylation of microtubules. (F2) Quantification of (F1). (G) Coronal sections of the CA1 region of the hippocampus of wild-type mice (left panels) and transgenic mice expressing human Tau (right panels) were stained for Tau with an antibody that detect both mouse and human Tau, TTLL6 and acetylated tubulin as a marker for stable microtubules. (G1) Upper panels: compared to wild-type mice, transgenic mice express more Tau; Tau is also strongly missorted into the somatodendritic compartment. Middle panels: in wild-type mice, TTLL6 is present mainly in the cell body, in transgenic mice it is also sorted into the dendrites (arrows). Lower panels: transgenic mice show lower levels of acetylated microtubules. (G2) Quantification of (G1). (H) HEK293 cells were transfected with HA-tagged versions of the longest human Tau isoform (hTau40), or the N-terminal half lacking both inserts (K25), or the C-terminal half without the second repeat (K10), plus TTLL6-YFP or YFP alone. (H1) Immunoprecipitation with an antibody against YFP pulled down hTau40 and K25, but not K10 in the case of TTLL-YFP transfection, while YFP alone did not pull down hTau40. Western blotting was done with an antibody against HA-Tag. (H2) Constructs used for the IP reveal that the presence of the C-terminal half, including the repeat domain, and both inserts in the N-terminal half are not required for binding of TTLL6 to Tau. 
Immunostainings
Stainings were conducted by fixing cells overnight at 41C with 3.7% formaldehyde (FA) in PBS and subsequent permeabilization for 5 min with 0.5% Triton-X in 5% BSA, followed by antibody incubations without further blocking. MT-based stainings were conducted by fixing the cells for 1 h at RT in 3.7% FA, 0.5% glutaraldehyde (GA), and subsequent permeabilization/extraction for 30 min with 0.5% Triton X-100 in 5% BSA, followed by antibody incubations without further blocking reagents or detergents (for antibody dilutions, see Supplementary Table S1 ). For mouse brain stainings, brains of 3-4 transgenic and control animals (Van der Jeugd et al, 2012) aged 8-9 months were fixed for 4 days at 41C with 3.7% FA in PBS and 50 mm sections were cut with a Leica VT1200 vibratome. For quantification and statistical procedures, refer to Zempel et al (2010) and see below.
Quantification of compartment-specific fluorescence intensities
Dendrites were identified by a combination of positive MAP2 immunostaining, the presence of spines, typical branching pattern (601 in dendrites versus 901 in axons), lengths (o300 mm), width (43 mm), and shape (constant decrease in diameter). Then, 20-30 mm of the proximal dendritic segment (distance from cell body B30 mm for rat neurons, B20 mm for mouse neurons) was selected as a region of interest (ROI) and the fluorescence intensities of co-stainings (e.g., Tau, stained with DA9, a mouse monoclonal antibody against aa 100-130, a kind gift of P Davies (NY, AlbertEinstein-College of Medicine); see also Supplementary Table S1 for other antibodies or labelling reagents and dilutions) were measured within the ROI. The same procedure was applied for control cells and treated cells. All quantifications, if not indicated otherwise, show B30 cells on average per treatment. This method allows the unbiased evaluation of dendritic changes independently of a preselection on the basis of Tau distribution, and can be applied even to Tau KO neurons. Ca þ þ concentrations were estimated based on LaFerla (2002). Error bars represent s.e.m. from 3 to 4 independent experiments and cultures, or from 10 to 30 cells of a representative experiment. All experiments were conducted at least three times. Statistical analysis was done by Student's t-test or one-way ANOVA with post hoc Bonferroni for multiple comparisons with *, **, and *** indicating Po0.05, Po0.01, and Po0.001, respectively, versus control treatments as indicated.
AbO preparations
Ab was completely dissolved in HFIP (Sigma) to 1 mM, aliquots were taken, and the HFIP was completely evaporated overnight in a Speedvac, and stored at À 801C. Directly before use, dried Ab was dissolved in 40 mM NaOH to a 2-mM solution, and then immediately further diluted to a 100-mM solution in PBS (PAA). For the 7:3 mixture (Ab40:Ab42, see Kuperstein et al, 2010) , the 100-mM solution was mixed at this point. For the preparation of the modified Ab-derived diffusible ligands (mADDLs), DMSO was added at this point to constitute 2% of the final solution. Synthetic Ab dimers, a kind gift of D Walsh (University College Dublin), were used as provided (58.5 mM stock, in 50 mM NH 4 Cl). Solutions were incubated for 1 h at 371C, or for initial characterization, left on ice for 1 h (see Supplementary Material) . The Ab mixture of Ab40:Ab42 ¼ 7:3 was most potent in terms of spine loss and Tau missorting (see Supplementary Figure S2 ) and was therefore used for this study.
Other reagents/procedures
Ab was from 21st Century Peptide, and other reagents were from SIGMA. ATP and LDH measurements and western blots are described in Zempel et al (2010) . DLS measurements were conducted on a NanozetasizerS (Malvern Instruments) following the manufacturer's recommendations and AbO (7:3 mixture, see above) diluted in PBS to 1 mM. Immunoprecipitation was conducted using magnetic beads (Pierce) as recommended by the manufacturer. TTLL6-YFP and HA-tagged Tau or Tau fragments were expressed in HEK293 cells using calcium phosphate transfection. IP buffer was 50 mM NaCl, 50 mM Tris-HCl (pH 6.8), 5 mM CaCl 2 , 0.05% Triton-X, 0.001% PMSF, and protease inhibitor mix (LaRoche).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
